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Macrolide-lincosamide-streptogramin B resistance specified by Streptococcus
sanguis plasmid pAM77 involves an adenine methylase, whose synthesis, demon-
strable both phenotypically and by analysis of methionine-labeled proteins made
in Bacillus subtilis minicells, is inducible by erythromycin, lincomycin, and
streptogramin type B antibiotics. Localization of the methylase structural gene,
including its control region in DNA fragments obtained with restriction endonu-
cleases, has been deduced from DNA blot experiments with characterized target
and probe DNAs from other streptococci, combined with DNA sequence analysis
and comparison of the putative streptococcal methylase sequence with that of a
cognate methylase in staphylococcal plasmid pE194. The streptococcal methylase
migrates electrophoretically in polyacrylamide gels with the mobility of a 29,000-
dalton protein. The sequence organization of the putative streptococcal methylase
mRNA leader sequence partially resembles its staphylococcal counterpart and
can support a similar mechanism of secondary structure rearrangement leading to
methylase synthesis. The deduced 5' leader sequence preceding the pAM77
methylase structural gene sequence comprises approximately 155 nucleotides
within which one can identify a putative control peptide 36 amino acid residues in
length (in contrast to 19 in the pE194 peptide) and at least 14 possible classes of
overlapping inverted complementary repeat sequences (in contrast to 3 in the
pE194 control region), one of which can sequester the sequence AGGAG 7
nucleotides upstream from the putative (methionine) start codon of the strepto-
coccal methylase. Comparison of the pAM77 and pE194 methylase amino acid
sequences and their respective nucleotide sequences shows 51% conservation of
amino acid residues (124 of 244) and 59% conservation of nucleotide residues (433
of 738), which suggests a common origin for the two methylase structural gene
sequences. Differences in mRNA base composition associated with conserved
amino acid residues occur mostly in the third nucleotide ("wobble") position of
codons and may reflect adaptation of methylase genes to optimal expression in
host cells with differing codon use patterns.

Plasmid pAM77, isolated from Streptococcus
sanguis by Yagi et al. (35), specifies resistance
to macrolide, lincosamide, and streptogramin
type B (MLS) antibiotics. MLS resistance previ-
ously studied in Staphylococcus aureus systems
is mediated by specific MN-methylation of ade-
nine in 23S rRNA as a result of which ribosomes
bind MLS antibiotics with reduced affinity (15,
16, 24, 34). The biochemical details of this
mechanism, originally worked out in Staphylo-
coccus aureus model systems, were extended to
MLS-resistant Streptococcus faecalis (8), a spe-
cies whose MLS determinant cross-hybridizes
with that of pAM77 (33).

t Present address: Department of Agricultural Chemistry,
The University of Tokyo, Bunkyo-ku, Tokyo 113, Japan.

Studies of MLS resistance in Streptococcus
pyogenes have shown that the specificity of
induction in this organism differed from that
reported for Staphylococcus aureus (4, 14, 17),
and preliminary studies in our laboratory indi-
cated that the specificity of induction in S.
sanguis resembled that reported for S. pyo-
genes. In view of similarity between S. pyo-
genes and S. sanguis inducible MLS determi-
nants (both with respect to DNA sequence
homology and induction specificity), we have
undertaken this study of pAM77 as a model
streptococcal system. Introduction ofpE194 and
pAM77 DNA into Bacillus subtilis by transfor-
mation makes it possible to study the peptide
products synthesized in minicells under plasmid
direction and to obtain conveniently ample
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TABLE 1. Bacterial strains and plasmids

Strain designation Relevant phenotype Derivation Reference

B. subtilis BGSC 1A197 None MLS sensitive spo mutant, from Bacillus
minicell pro- CU403 Genetic
ducer Stock

Center
B. subtilis(pE194 cop-6) pE194 MLS resistance From BGSC 1A197 by This work

transformation
B. subtilis(pAM77) pAM77 MLS resistance From BGSC 1A197 by This work

transformation
S. sanguis Al pAM77 MLS resistance Natural isolate 2, 35
S. faecalis D5 pAMP1 MLS resistance Natural isolate 2

quantities of plasmid DNA for structural stud-
ies. Plasmid pAM77 has a relatively low molecu-
lar weight, 4.5 x 106 (2, 35), and after introduc-
tion into B. subtilis it replicates without
detectable rearrangement (33), where it confers
inducible MLS resistance on B. subtilis with the
same specificity as in the original S. sanguis
host. As part of an investigation into the deter-
minants of induction specificity by MLS antibi-
otics, we report the DNA sequence of the
pAM77 MLS methylase, including its putative
control region.

MATERIALS AND METHODS
Plasmid DNA preparation. Plasmid DNA from B.

subtilis transformants carrying pAM77 and pE194 was
prepared by cell lysis, using the lysozyme-EDTA
method followed by isolation of the covalently closed
circular fraction as previously described (13). Cova-
lently closed circular DNA preparations from pAM77
and pE194 were used to transform B. subtilis, as
described by Dubnau and Davidoff-Abelson (5).

Minicell studies. Minicells of B. subtilis strain BGSC
1A197 (a sporulation-deficient mutant of CU403)
transformed with pAM77, or with pE194 cop-6, were
prepared by centrifugation in sucrose density gradi-
ents as described by Mertens and Reeve (22). For
analysis of the products of plasmid-directed protein
synthesis, minicells were incubated for 30 min at 37°C
in 0.5 ml of minimal medium described by Mertens and
Reeve (22), supplemented with 50 ,u.Ci of [35S]methio-
nine from which unlabeled methionine was omitted, as
described by Shivakumar et al. (26). For induction, the
incubation medium was supplemented with 0.1 ,ug of
erythromycin, clindamycin, or ostreogrycin B per ml,
as indicated. After 30 min of incubation, labeled
minicells were collected by centrifugation at 10,000 x
g for 10 min, washed with minimal medium, and
resuspended in 0.1 ml of 0.05 M Tris-hydrochloride
(pH 8.00.01 M Na2EDTA-25% (wt/wt) sucrose. A
100-,ug portion of lysozyme was added, and the mix-
ture was incubated at 37°C for 15 min, after which the
treated minicells were lysed by addition of cracking
buffer and resultant proteins were fractionated by
polyacrylamide gel electrophoresis, as described be-
fore (26).
Enzymes. Restriction endonucleases were pur-

chased from New England Biolabs (Beverly, Mass.)
and were used as recommended by the vendor.

Antibiotics. Clindamycin was obtained as a gift from
The Upjohn Company, Kalamazoo, Mich. Ostreogry-
cin B, a streptogramin type B antibiotic, was obtained
as a gift from Glaxo Research Ltd., Sefton Park,
Stoke Poges, Buckinghamshire, U.K. Erythromycin
was purchased from Sigma Chemical Co., St. Louis,
Mo.
DNA sequence studies. Nucleotide sequences were

determined by the end-label method of Maxam and
Gilbert (20). Except for the RsaI site beginning at
nucleotide 366, all restriction sites used for end-label-
ing were verified by determination as part of an
overlapping sequence.

RESULTS
Bacterial strains. Relevant strains are de-

scribed in Table 1.
Induction of MLS resistance in S. sanguis car-

rying pAM77. The specificity of induction of
MLS resistance by various MLS antibiotics was
tested as described by Weaver and Pattee (31),
using cells induced by preincubation with eryth-
romycin, clindamycin, or streptogramin type B
antibiotics. All three antibiotics induced resist-
ance to erythromycin, clindamycin, or strepto-
gramin B (Fig. 1). On the other hand, if inducible
Staphylococcus aureus is similarly induced and
challenged, selection of constitutively resistant
mutants occurs in the clindamycin and strepto-
gramin B challenge samples after an apparent
growth lag of approximately 6 to 8 h (31, 32).

Products made under direction of pAM77 in B.
subtilis minicells. Minicells carrying pAM77 were
induced with MLS antibiotics and incubated
with [35S]methionine. Proteins synthesized un-
der these conditions were analyzed by poly-
acrylamide gel electrophoresis (Fig. 2). For
comparison, the products synthesized in B. sub-
tilis minicells under the direction of pE194 (cop-
6) are also shown. Minicells carrying pE194
were incubated with erythromycin, clindamy-
cin, or ostreogrycin B. Results shown in Fig. 2
(lanes a, b, c, and d) indicate that erythromycin
functioned more efficiently as inducer than ei-
ther clindamycin or streptogramin B. This find-
ing is consistent with studies of pE194 induction

VOL. 154, 1983



1254 HORINOUCHI, BYEON, AND WEISBLUM

- ryTnromycin ..iinuumycin xTrepiTgrumino
Challenge Challenge Challenge

Z 140 ) b) c) 140

1I0.
120-120

100oro100
E~~~~~~~~~~

80 -80
60

-

60

cr20-~ ~ ~I20

123 5 12 3 4 56 1 23 4 56 0

HOURS
FIG. 1. Induction of S. sanguis (pAM77) measured by growth. (a) Induction with 0.1 iLg of erythromycin,

clindamycin, or ostreogrycin B per ml, followed by challenge with 100 i.g of erythromycin per ml. (b) Induction
as in (a) followed by challenge with 50 "g of clindamycin per ml. (c) Induction as in (a) followed by challenge with
25 ,ug of ostreogrycin B per ml. Each panel describes the course of growth in five different cultures, as follows: (i)
curves labeled "Normal Growth" describe the course of growth in a culture which was uninduced and
unchallenged; (ii) curves labeled "Uninduced" describe the course of growth in cultures which were uninduced,
but challenged as indicated at the top of the panel; and (iii), (iv), (v) three curves for which the data points were
combined and reported as single vertical bars covering the range of values observed for cultures induced with
one of the three MLS antibiotics followed by challenge with the antibiotic named at the top of the panel.
Conditions for testing induction were as follows. An overnight culture of S. sanguis Al carrying pAM77 was
grown in Todd-Hewitt medium containing erythromycin, clindamycin, or ostreogrycin B at a final concentration
of 0.1 4g/ml. The induced overnight culture was used as inoculum and diluted into challenge medium containing
the inhibitory concentrations of 100 Lg of erythromycin, 50 ,ug of clindamycin, or 25 ,ug of ostreogrycin B per ml,
as indicated. As controls, uninduced cultures were grown in the presence and absence of challenging
concentrations of antibiotics. Results were plotted as absorbance (at 660 nm) as a function of time.

specificity by the antibiotic disk method, in
which it was shown that clindamycin and strep-
togramin B disks produced significant inhibition
whereas erythromycin produced a turbid inhibi-
tion zone indicative of induction in situ (32, 34).
The labeled protein fraction made under direc-
tion of pAM77 (Fig. 2, lanes e, f, g, and h)
contained five major polypeptide bands, labeled
A through E, with mobilities which correspond
to molecular masses of 56,000, 36,000, 31,000,
29,000, and 12,000 daltons, respectively. Of
these, only the 29,000-dalton component ap-
peared to be synthesized at an increased rate in
cells induced with erythromycin, lincomycin, or
streptogramin type B antibiotics. The observed
molecular weight of the induced band compares
favorably with the value of 29,400 daltons pre-
dicted by determination of the DNA sequence
described below.

NucJeotide sequence of the pAM77 methylase
structural gene and its putative regulatory region.

Plasmid pAM77 DNA, digested with Hinfl re-
striction endonuclease end-labeled with [y-
32P]ATP and phage T4 polynucleotide kinase,
followed by fractionation of the resultant digest
by electrophoresis on polyacrylamide gel, yield-
ed seven fragments designated A to G (data not
shown). Probes consisting of eluted fragments A
to G were tested by the DNA blot hybridization
method according to Southern (29), as modified
by Smith and Summers (28), using total DNA
from S. faecalis carrying pAM,1 digested with
HindIII restriction endonuclease as a target. Of
the seven bands tested, only E and F hybridized
with the S. faecalis target DNA (data not
shown). Band E actually was found to contain
two fragments unresolved owing to their similar
size. To obtain material suitable for sequence
analysis, the combined fractions E+E' were
eluted together and digested with RsaI restric-
tion endonuclease, yielding four fragments,
completely resolved by polyacrylamide gel elec-
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FIG. 2. Products synthesized by B. subtilis mini-
cells. (Left) Induction of pE194 methylase: (a) pE194
cop-6, uninduced; induced with 0.1 Rg of (b) erythro-
mycin, (c) clindamycin, or (d) ostreogrycin B per ml.
(Right) Induction of pAM77 methylase: (e) pAM77,
uninduced, (f) pAM77, induced with 0.1 ,ug of erythro-
mycin, (g) clindamycin, or (h) ostreogrycin B per ml.
B. subtilis minicells carrying pAM77 or pE194 were
incubated with [35S]methionine to label the proteins
synthesized and with 0.1 ,ug of inducer per ml in
minimal medium as described previously (26). Lysates
were prepared and fractionated by polyacrylamide gel
electrophoresis on 15% gels. For both pAM77 and
pE194 a single band, 29,000 daltons, appears relatively
more intense in samples prepared from induced cul-
tures. If the labeled pAM77 and pE194 samples were
mixed and run in the same lane, no separation of the
two components in the 29,000-dalton band was detect-
ed.

trophoresis, of which bands 2 and 3 (in order of
decreasing size) showed positive hybridization
and contained the sequence of the pAM77 MLS
resistance determinant. Hybridizations were

performed in a solution containing 0.45 M NaCl
and 0.045 M sodium citrate (3 x SSC), also using
the modification of Denhardt (3) for DNA-DNA
hybridization. We therefore began our sequence
analysis with these fragments.
Based on the plan outlined in Fig. 3, the

complete DNA sequence of the pAM77 methyl-
ase including its putative promoter and control
region (Fig. 4) was obtained. Analysis of the
DNA sequence shows the presence of an open

reading frame between residues 318 and 1,052
capable of encoding a protein containing 245
amino acids with a calculated molecular weight
of 29,400. The putative promoter and control
regions for the pAM77 methylase resemble
those of pE194 in general outline, but with
notable differences.

First, the similarities with pE194 include a
sequence in the methylase mRNA capable of
encoding a control peptide and beginning at
nucleotide 115 (Fig. 4) preceded by its Shine and
Dalgarno translational initiation sequence
GGAGG, labeled SD-1 (25). The methylase
structural gene sequence begins at residue 318
preceded by its Shine and Dalgarno sequence
AGGAG, labeled SD-2. SD-2 falls within the
loop region of the inverted complementary re-
peat sequence centering on residue 306 (Fig. 4).
The extent of this inverted complementary re-
peat sequence, labeled 14, is shown in Fig. 5,
together with its relation to other inverted com-
plementary repeat sequences in the control re-
gion. We postulate that induction unmasks SD-2
by ultimately disrupting or preventing the forma-
tion of the secondary structure of inverted com-
plementary repeat sequence 14 and permitting
the synthesis of methylase. Both pAM77 and
pE194 control peptide structural gene sequences
use GGAGG (as SD-1), the "strong" Shine and
Dalgarno sequence proposed by McLaughlin et
al. (21) as that preferentially used by gram-
positive bacteria for initiation of protein synthe-
sis. In contrast, both pAM77 and pE194 use, as
SD-2, sequences which would be expected to
pair more weakly with 16S rRNA than SD-1.
The control region of pAM77 differs from that

of pE194 with respect to the length of the control
peptide and the inverted complementary repeat
sequences whose secondary structure determine
the rate of methylase synthesis. The pAM77
control peptide sequence codes for 36 amino
acids, whereas the corresponding pE194 peptide
sequence codes for 19. We can identify at least
13 successive centers of symmetry of inverted
complementary repeat sequences in the pAM77
control region (Fig. 5). These inverted comple-
mentary repeat sequences, collectively compris-
ing 228 nucleotides between residues 120 and
348, cover the coding region for the last 33
amino acids of the control peptide and the
coding sequence for the first 9 amino acids of the
methylase. The 14 inverted complementary re-
peat sequences would enable the pAM77 control
region to assume a correspondingly larger num-
ber of alternative paired conformational states
than the pE194 control region. The correspond-
ing pE194 region, in contrast, contains only
three clearly defined centers of symmetry,
which in turn could support five different confor-
mational states falling into two distinct classes,
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FIG. 3. Sequencing strategy for the pAM77 MLS resistance determinant. The sites used for end-labeling of

DNA fragments obtained by digestion with restriction endonucleases are indicated together with thinner arrows
whose length and direction indicate the extent of sequence determination from these sites. The open reading
frame (thicker arrow) indicates the extent of the pAM77 MLS methylase structural gene.

active and inactive, as shown previously (9, 11,
12). In addition, the inverted complementary
repeat sequences in pE194 are 12 to 14 nucleo-
tides in length, each perfectly paired except for a
single nucleotide bulge.
The pAM77 inverted complementary repeat

sequences all appear highly interrupted. This
feature, together with the twofold greater num-
ber of codons at which ribosomes can potential-
ly stall in the pAM77 control region, may ac-
count for the greater number of MLS antibiotics
capable of inducing this system. According to
the model which we propose for the pAM77
attenuator, the inducing antibiotic can cause
ribosomes to stall preferentially at specific loca-
tions in the control peptide coding sequence
(residues 115 to 222) during translation of the
pAM77 methylase mRNA. This stall effectively
traps inverted complementary repeat sequences
1 to 6 in their entirety, as well as the 5' arms of
inverted complementary repeat sequences 7, 8,
and 9 and possibly parts of the 5' arms of 10 and
11. To the extent that inverted complementary
repeat sequences 11, 12, and 13 can form associ-
ated hairpin structures, inverted complementary
repeat sequence 14 is prevented from forming,
leaving SD-2 accessible for formation of initia-
tion complexes with ribosomes.
The two methylase structural genes show sig-

nificant differences at their 3' termini. The
pAM77 methylase structural gene terminates at
residue 1,055 (Fig. 5). At residue 1,045 a poten-
tial Shine and Dalgarno sequence GGAGG (SD-
3) precedes the sequence of 129 nucleotides
beginning at 1,055 capable of encoding a 43-
amino acid peptide. The hypothetical C-terminal
peptide coding sequence terminates in an invert-
ed complementary repeat sequence centering on

residue 1,190, which we speculate could serve as
a transcription terminator. If so, the rate of SD-
3-related peptide synthesis could serve as a
regulatory link to a function specified by a gene
further downstream. In contrast, the pE194
methylase structural gene appears to terminate
at the beginning of an inverted complementary
repeat sequence capable of serving as transcrip-
tion terminator by analogy to similar sequences
found in other systems (23, 27). Additional in-
verted complementary repeat sequences center-
ing on residues 1,290, 1,342 to 1,343, and 1,385
to 1,386 are present (see Fig. 4). The functional
significance of these symmetric sequences is not
apparent.
Comparison of the pAM77 and pE194 methyl-

ase sequences. The two methylase structural
genes can be compared with reference to their
respective nucleotide and peptide sequences
(Fig. 6). The pAM77 methylase contains 245
predicted residues, whereas the pE194 methyl-
ase contains 244. Of these, 122 amino acid
residues are identical in sequence. Likewise, 433
of 738 residues (59%o) of the nucleotides are
sequentially identical. In the case of amino acid
residues 163 to 172, an unbroken stretch of nine
amino acids is conserved in both methylase
sequences. Additional clusters of identical ami-
no acids can be seen as well as amino acid
sequences for which chemical properties of the
side chain are conserved. The structural similar-
ities of the streptococcal and staphylococcal
methylases suggest that they are related to a
common ancestral gene.
Codon use in the streptococcal and staphylococ-

cal methylases. The base compositions of S.
sanguis and Staphylococcus aureus DNA have
been determined and reported to fall in the 38 to
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DdeI -35 -10 +1
CTTAGAAGCAAACTTAAGAGTGTGTTGATAGTGCATTATCTTAAAATTTTGTATAATAGGAATTGAAGTTAAATTAGATGCTAAAAATTTGTAATTAAGA
_----- +- + _-----+------- + ----+-- +*- 100

SD-1 Hinf I MetLeuValPheGlnMetArgAsnValAspLysThrSerThrIluLeuLysGlnThrLysAsnSerAspTyrValAspLysTyrVa
AGGAGGGATTCGTCATGTTGGTATTCCAAATGCGTAATGTAGATAAACATCTACTATTMTGAAACAGACTAAAAACAGTGATTACGTAGATAAATACGT
----- ----+---------+-------+-------- ------------+--+-+-+-+-+ 200

(icrs 1)
lArgLeuI luProThrSerAspEND
TAGATTAATTCCTACCAGTGAcTTMTTATGACTTTTTRAACAGATUCTAAATTACAAACAAATCGTTTAACTTCTGTATTTGTTTATAGATGTATC
--_+- I--------- +-+------- --+- + 300

(icrs 6)
MetLysLysAsni luLysTyrSerGi nAsnPheLeuThrAsnGl uLysVal LeuAsnGl nI lull uLysGi nLeuAsnLeuLy

SD-2 RsaI
ACTTCAGGi%TUTTGAUTuA ATMTATTCTCAA CTTTTTTAAG AATGAAAGGTACTCAACCAAATTAAACAATTGAATTTMAA
---- _---_+--------+----------------+--- ----+-+-+ 400
(icrs 14)

sGl uThrAspThrVal TyrGl uIlluGlyThrGlyLysGlyHi sLeuThrThrLysLeuAl aLys I luSerLysGl nYalThrSer1Il uGl uLeuAspSer
AGAAACCGATACCGMACGAAATTGGAACAGGTAAAGGGCAM ACGACGAAACTGGCTAAAATAAGTAAACAGGTAACGTCTATTGAATTAGACAGT
_----- ----+-_ -_-+_-_- +-+--- _--+------ +---------+ -+ 500

HisLeuPheAsnLeuSerSerGluLysLeuLysLeuAsnIluArgValThrLeuH lHsGlnAluLeuGl nPheGl nPheProAsnLysGinArgT
CATCTATTCAACTTATCTTCAGATAATTAAACGACTATTCGTGTCACMATTCACCAAGATATTCTAGCAATTGCTTCCCTGCACAGAGGT
_-------+_- +-_-_-_-+-+-_- +-----+-+-+-+-+ 600

yrLyslIluValGlySerI1luProTyrHisLeuSerThrGl nI luI luLysLysValVal PheGluSerHisAl aSerAspI luTyrLeu IlluValGl uG1
ATAAAATTGTTGGGAGTATTCCTTACCATTTAAGCACACAAATTATTMAAAMAGTGGTTTTTGAAAGCCATGCGTCTGACATCTATCTGATTGTTGAAGA
--------+---- -------+- +- +- + 700

uGlyPheTyrLysArgThrLeuAspIluHisArgSerLeuGlyLeuLeuLeuHisThrGlnValSerIluGlnGlnLeuLeuLysLeuProAlaGluCys
HinfSRsaI TaqIHinfI Fnu4HI

AGGATTCTACMGCGTACCTTGGATATTCACCGTTCACTAGGGTTGCTCTTGCACACTCMGTCTCGATTCAGCAATTGCTTAAGCTGCCAGCGGATGC
_- --+-_-_- -+-_ -+-+------ +-----------+-+---- + 800

PheHisProLysProLysValAsnSerValLeuluLysLeuThrArgHiLsThrThrAspValProAspLysTyrTrpLysLeuTyrThrTyrPheValS
RsaI

MCATCCTAAACCAAAAGTAAACAGTGTCTTAATAAAACTTACCCGCCATACCACAGATGTTCCAGATAAATATTGGAAGCTATATACGTACTTTGTTT
---------_----+_-_-_-+-_-_-_-_-+_-_-+ -+-----------+--------------------+-------------+ 900

erLysTrpVa lAsnArgGl uTyrArgG lnLeuPheThrLysAsnG lnPheH isG lnAl aMetLysH isAl aLysVa lAs nAsnLeu SerThrVa lThrTy
TaqI RsaI

CMAATGGGTCAATCGAGAATATCGTCAACMGTCTGTTAAAAATCAGTTTCATCAAGCAATGMACACGCCAAAGTAAACAATTTAAGTACCGTTACTTA
______-_-__,_______+_-____-__+______-__+-_------+---+ + - +-----+ 1400

rGl uGl nVal LeuSer1Il uPheAsnSerTyrLeuLeuPheAsnG lyArgLysEND MetSerArgPheCysLysPheG lyLysLeuH isVa lThrLy
SD-3 Hi nf I

TGAGCMGTATTGTCTATTTTA TAGTTTTACATTATTTCGGGAGGATMTTCTATGAGTCGCTTTTGTAAATTTGGAMGTTACACGTTACTM
--------------------------+------------- ---- 1443 ------------------------------------------------+ 1 0

sGlyAsnVal AspLysLeueuGlyId luLeuLeuThrAl aSerLysLysLeuLysArgSerLeuAltaProThrG l yAsnLeuTyrArgEND
Avall ClaI Rsal

AGGGAATGTAGATAAATTATTAGGTATACTACTGACAGCTTCCAAGAAGCTAAAGAGGTCCCTAGCGCCTACGGGGAMTTTGTATCGATAAGGGGTACMU
----------------------------------------------------------------------------------------- I----------1200~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~@20

Ddel AvaI I DdeI RsaI
ATTCCACTAAGCGTCGGGCCmGTAGTUTTFCTAAGTGTGGCAACAATATTGGGGTACATGGAACATAGAAACAAAGTGAAGTATC7TTI

-- ---_ - ---_-- - - - - - ----_- - - -- - -I-----------++ +@ 1300

Dde I
TAGGGTAAATATACCACCCCCACCTTTAAGGCTCTTAAAATACGTTTTAGAGCCTTAGAAAACGACACAMMMAGCAAGAGCATTTTTGACCTTGCTTTT
--- --- -_- --- --- --- -+- --- --- -go - - - - - - - - so - 1400

MATTGTCGGCAATCCGATACACTTTATACGAAGCTCTAA
----- - -- - -----+ 1443
FIG. 4. The nucleotide sequence of the pAM77 MLS resistance determinant from a Ddel site, as indicated in

Fig. 3, is shown together with the potential amino acid sequences specified by open reading frames deduced from
the DNA sequence. Inverted complementary repeat sequences are underlined and their centers of symmetry are
indicated with solid circles. Inverted complementary repeat sequences 1, 6, and 14 are shown spanning the
control region. Additional inverted complementary repeat sequences associated with the control region are
shown in Fig. 5. The inverted complementary repeat sequence comprising residues 1,157 to 1,223 overlap the C-
terminal portion of a hypothetical peptide whose coding sequence, beginning five nucleotides after the methylase
translation terminator codon, may form part of a functional tandem attenuator, as discussed in the text.

40 mol%Yo guanine-plus-cytosine (G+C) range for the base composition of the streptococcal and
the former and 32 to 34 mol% G+C for the latter staphylococcal methylase structural gene se-
(19). Codon usage in the two methylases would quences shows that the average percent G+C
be expected to reflect adaptation to this differ- for codons used is 36 and 29% G+C, respective-
ence in DNA base composition. Comparison of ly (Fig. 6). Examination of codons for the 124-
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COMPARISON OF THE NUCLEOTIDE AND AMINO ACID SEQUENCES OF 2 MLS DETERMINANTS

pE194 Met Asn Glu Lys Asn Ilu Lys His Ser Gln Asn Phe Ilu Thr Ser Lys His Asn Ilu Asp 1 - 20
ATG AAC GAG AAA MT ATA AAA CAC AGT CM MC TTT ATT ACT TCA AAA CAT AAT ATA GAT

pAM77 Met Lys Lys Asn Ilu Lys Tyr Ser Gln Asn Phe Leu Thr Asn Glu Lys Val Leu Asn
ATG AAA AM MT ATA AAA TAT TCT CAA AAC TTT TTA ACG MT GM MG GTA CTC AAC

Lys ITii Met Thr Asn Ilu Arg Leu Asn UTi His Asp Asn Ilu Phe Glu Ilu Gfy Ser UTi 21 40
AM ATA ATG ACA MT ATA AGA TTA MT GM CAT GAT MT ATC TTT GM ATC GGC TCA GGA
Gln Ilu Ilu Lys Gln Leu Asn Leu Lys Glu Thr Asp Thr Val Tyr Glu Ilu Gly Thr Gly
CAA ATA ATA AAA CM TTG AAT TTA AM GAA ACC GAT ACC GTT TAC GM ATT GGA ACA GGT

Lys G WTT Phe TFI Leu Glu Eeiu Val Lys Arg Cys Asn Phe Val Thr Ala ITu GT1 Ilu 41 - 60
AAA GGC CAT TTT ACC CTT GAA TTA GTA AAG AGG TGT MT TTC GTA ACT GCC ATT GM ATA
Lys Gly His Leu Thr Thr Lys Leu Ala Lys Ilu Ser Lys Gln Val Thr Ser Ilu Glu Leu
AAA GGG CAT TTA ACG ACG AAA CTG GCT AAA ATA AGT AAA CAG GTA ACG TCT ATT GM TTA

Asp His Lys Leu Cys Lys Thr Thr Glu Asn Lys LeJ Val Asp His Asp Asn Phe Gln Val 61 - 80
GAC CAT AAA TTA TGC MA ACT ACA GAA MT AAA CTT GTT GAT CAC GAT AAT TTC CM GTT
Asp Ser His Leu Phe Asn Leu Ser Ser Glu Lys Leu Lys Leu Asn Ilu Arg Val Thr Leu
GAC AGT CAT CTA TTC MC TTA TCT TCA GMA MA TTA, AM CTG MC ATT CGT GTC ACT TTA

Leu Asn Lys Asp Ilu Leu Gln Phe Lys Phe Pro Lys Asn CTn Ser Tyr Lys ITu Tyr fG> 81 - 100
TTA MC MG GAT ATA TTG CAG TTT AAA TTT CCT AM MC CMA TCC TAT AM ATA TAT GGT
Ilu His Gln Asp Ilu Leu Gln Phe Gln Phe Pro Asn Lys Gln Arg Tyr Lys Ilu Val Gly
ATT CAC CMAGAT ATT CTA CAG TTTCMATTC CCTIMC AAA CAG AGG TAT AAA ATT,GTT GGG,
Asn Ilu Pro Tyr Asn Ilu iFeThr Asp Ilu Iiu Arg Lys Ilu Val Phe Asp Seir Ilu ATa 101- 120
MT ATA CCT TATAMC ATA AGT ACG GAT ATA ATA CGC AAA ATT GTT TTT GAT AGT ATA GCT
Ser Ilu Pro Tyr His Leu Ser Thr Gln Ilu Ilu Lys Lys Val Val Phe Glu Ser His Ala
AGT ATT CCT TAC CAT TTAI AGC ACA CM AU AU AA AAGTG GTT TTT GM| AGC CAT GCG|

Asn Glu Ilu Tyr Leu Iiu Val Gu Tyr Gly Phe Ala Lys Arg Leu Leu Asn Thr Lys Arg 121- 140
MT GAG ATT TAT TTA ATC GTG GAA TAC GGG TTT GCT AM AGA TTA TTAAMT ACA AAA CGC
Ser Asp Ilu Tyr Leu Ilu Val Glu Glu Gly Phe Tyr Lys Arg Thr Leu Asp Ilu His Arg
TCT GAC ATC TAT CTG ATT GTT GMI GAAM GGA TTC TACAMG CGT ACC TTG GAT ATT CAC CGT

Ser Leu Ala Leu Leu Leu Met Ala Glu VaT Asp Ti Ser Ilu Leu Ser Met Val Fro Arg 141- 160
TCA TTG GCA TTA CTT TTA ATG GCA GAA GTT GAT ATT TCT ATA TTA AGT ATG GTT CCA AGA
Ser Leu Gly Leu Leu Leu His Thr Gln Val Ser Ilu Gln Gln Leu Leu Lys Leu Pro Ala
TCA CTA GGG TTG CTC TTG CAC ACT CM GTC TCG ATT CAG CM TTG CTT MG CTG CCA|GCG

TiITyr Phe His Pro Lys Pro Lys Val Asn Ser Ser Leu Ilu Arg LSer Arg Lys Lys 161- 180
GMA TAT TTT CAT CCT AAA CCT MA GTG MT AGC TCA CTT ATC AGA TTA AGT AGA AAA AAA
Glu Cys Phe His Pro Lys Pro Lys Val Asn Ser Val Leu Ilu Lys Leu Thr Arg His Thr
GMA TGC TTT CAT CCT MA CCA MA GTA MC AGT GTC TTA ATA AAA CTT ACC CGC CAT ACC

Ser Arg Ilu Ser His Lys Asp Lys Gln Lys Ty-r Asn Tyr Phe Val Met Lys Trp Val Asri 181- 200
TCA AGA ATA TCA CAC AAA GAT AAA CM MGA TAT MT TAT TTC GTT ATGAMA TGG GTT MC
Thr Asp Val Pro Asp Lys Tyr Trp Lys Leu Tyr Thr Tyr Phe Val Ser Lys Trp Val Asn
ACA GAT GTT CCA GAT AAA TAT TGG MG CTA TAT,ACG TAC TTT GTT TCA AAA TGG GTC MTI
Lys lTiTyr Lys Lys Ilu|Phe Thr Ly'As'n Gln P Asn Asn Ser Leu Lys HisTATa Gly 201- 220
AAA GAA TACAMG AAA ATA TTT ACA MA MT CM TTTAMC AAT TCC TTA AAA CAT GCA GGA
Arg Glu Tyr Arg Gln Leu Phe Thr Lys Asn Gln Phe His Gln Ala Met Lys His Ala Lys
CGA GAA TAT CGT CM CTG TTT ACT AAA MT CAG TTT CAT CM GCA ATG AAA CAC GCC| AM

Ilu Asp Asp Leu Asn Asn Ilu Ser Phe|Glu Gln Phe Leu Ser Leu Phe Asn Ser Tyr Lys 221- 240
ATT GAC GAT TTA MC MT ATT AGC TTT GAA CM TTC TTA TCT CTT TTC MT AGC TAT AAA
Val Asn Asn Leu Ser Thr Val Thr Tyr Glu Gln Val Leu Ser Ilu Phe Asn Ser Tyr Leu
GTA MC MT TTAIAGT ACC GTT ACT TATI GAG CMA GTA TTG TCT ATTI TTT MT AGT TAT CTA

Leu Phe Asn- Lys END 241- 244
TTA TTT MT AAG TAA
Leu Phe Asn Gly Arg Lys END
TTA TTT MCI GGG AGG MA| TAA

FIG. 6. Comparison of the pAM77 and pE194 methylases and codons. The methylase coding sequences of
plasmids pAM77 and pE194 are displayed in parallel, indicating regions of identity in the polypeptide sequence.
In many instances it is noted that the amino acid has been conserved, although codon usage differs.
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amino acid residues identical in both proteins
shows that 50 are specified by identical codons.
Of the remaining 74 identical amino acids with
different codons, 51, the majority differ in the
third nucleotide ("wobble") position. For the 51
codons differing in the third position, 25 involve
a change of either adenine or thymine to G or C,
17 involve a change of either G or C to either
adenine or thymine, and 9 involve no net change
in base composition in going from pE194 (lower
percent G+C) to pAM77 (higher percent G+C).
These findings are consistent with the interpre-
tation that the streptococcal and staphylococcal
methylases are related and that they have di-
verged from a common ancestral sequence.

DISCUSSION
MLS resistance occurs in a wide variety of

clinical isolates of streptococci (2). Previous
studies from our laboratory have shown that the
streptococcal resistance determinants show ho-
mology to each other and to the MLS determi-
nant in Staphylococcus aureus plasmid pI258
(32). Plasmid pAM77 provides an opportunity to
examine interspecies distribution of apparently
related antibiotic resistance determinants and
the extent to which models of gene regulation by
translational control, similar to the model postu-
lated for the regulation of MLS resistance in
pE194 (9, 11, 12), can be found in other organ-
isms. Moreover, we are challenged to explain (i)
the lack of sequence homology found in hybrid-
ization experiments comparing the MLS deter-
minants of pAM77 and staphylococcal plasmid
pE194, and (ii) differences of induction specific-
ity wherein clindamycin and streptogramin type
B antibiotics both induce the pAM77 determi-
nant but neither induces the pE194 determinant,
in contrast to erythromycin which induces both
determinants. Ultimately, it would be desirable
to extend these findings to explain the wide
diversity of induction phenotypes found in
Streptomyces spp. (7), in which a subset ofMLS
antibiotics (e.g., tylosin and ostreogrycin B)
incapable of inducing Staphylococcus aureus
appear capable of inducing some, but not all,
inducible Streptomyces spp.
Comparison of the DNA and respective amino

acid sequences ofpAM77, as a representative of
the pl258-streptococcal family, with pE194
strongly suggests that these sequences are relat-
ed, that at least part of the relatedness can be
localized to regions which code for methylase,
and that observed lack of homology by the
hybridization method can most likely be as-
cribed to probe-target hybrid instability resulting
from 41% sequence mismatch which we have
shown experimentally in this work.

In our initial studies to locate the pAM77 MLS
resistance determinant, we noted that probes

prepared from pAM77 Hinfl fragments E and F
showed cross-homology with plasmid pAMi1
DNA from S. faecalis. Since fragments E and F
contain methylase coding sequences, we infer
that at least part of the sequence homology
observed between pAM77 and the other strepto-
coccal DNA blots shown previously is due to
structural gene sequence homology. Our find-
ings leave open the question of the extent of
transposon and control region sequence homolo-
gy. At this point, the control regions for the
pAM77 and pE194 methylase determinants ap-
pear to show less similarity than the structural
gene coding sequences.
The MLS control regions from pE194 and

pAM77 show markedly different patterns of in-
ducibility. Only a limited number ofMLS antibi-
otics have inducing activity in pE194, whereas in
pAM77 all MLS antibiotics appear to have in-
ducing activity. We postulate that this difference
may be related to the larger control peptide
found in, the pAM77 methylase insofar as it
presents twice as many codons as potential sites
for ribosome stall in the presence of inducing
concentrations of MLS antibiotics. Moreover,
the large number of alternative partially destabi-
lized conformations which the pAM77 control
region can assume would tend to diminish the
significance with which any single conforma-
tion, destabilized by mutation, can effectively
result in constitutive expression. Consistent
with this is the experimental finding that we
have not been able to select spontaneous consti-
tutively resistant mutants ofpAM77 by the usual
techniques successfully used for selection in
Staphylococcus aureus, namely, selection using
MLS antibiotics which do not induce in the
particular system. This temporarily precludes
critical tests of the pAM77 attenuator model by
mutational analysis similar to that described
previously for the pE194 attenuator (11, 12).

In our previous studies (32) it was shown that
pE194 introduced into B. subtilis conferred in-
ducible MLS resistance as in the original host,
Staphylococcus aureus. From this observation
and subsequent subcloning experiments (11, 13),
we inferred that the information needed for
inducible MLS resistance 'was contained in
pE194 TaqI fragment A and that host cell contri-
butions to expression of MLS resistance, if any,
were general rather than specific.

In the present study, we show that two differ-
ent MLS plasmids from different backgrounds
with different induction specificities, introduced
into B. subtilis, confer an induction phenotype
which resembles that of the host strain in which
the plasmid originally resided. From this obser-
vation we infer that induction specificity is a
function encoded by the plasmid DNA and that
it is determined by the amino acid sequence of

J. BACTERIOL.
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the control peptide. The control peptide is other-
wise unnecessary for further expression of MLS
resistance since a deletion mutant was obtained
in which the coding sequence for this peptide
was deleted with retention of the MLS resist-
ance phenotype (12).
Malke and Holm (18) and Hardy and Haefeli

(10) have reported that MLS resistance can be
expressed in Escherichia coli, and in a study of
induction specificity Hardy and Haefeli (10)
noted that in E. coli clindamycin appears to
induce more effectively than erythromycin, as
determined by the disk assay. Thus, the same
determinant in two different host backgrounds
can also express two different phenotypes. We
feel that this latter observation does not negate
our hypothesis but points to systematic differ-
ences between ribosomes from gram-positive
and gram-negative organisms. Some of these
have been summarized by McLaughlin et al. (21)
with reference to the specificity of the initiation
step in protein synthesis.
Comparison of the sequence organization of

the pAM77 and pE194 determinants revealed an
unexpected feature not found in the pE194 de-
terminant. The inverted complemeItary repeat
sequence region between residues 1,134 and
1,240 in the sequence shown in Fig. 4 with its
associated peptide coding sequence is compati-
ble with possible transcriptional attenuator func-
tion. This hypothetical 43-amino acid peptide
sequence appears to serve no obvious function
that might regulate methylase synthesis in
pAM77, and examination of the pattern of in-
duced minicell products synthesized by B. subti-
lis under direction of pAM77 in Fig. 2 reveals
increased synthesis of only the 29,000-dalton
component in the fractionated mixture of mini-
cell proteins. We speculate that the hypothetical
peptide encoded by nucleotides 1,060 through
1,188 could represent a fragment of a second
attenuator in tandem with the methylase attenu-
ator.
Tomich et al. (30) have reported that erythro-

mycin induced both expression of MLS resist-
ance and transposition of Tn9J7 carrying the
MLS determinant from S. faecalis plasmid
pAD2 to a coresident hemolysin plasmid, pAD1.
A putative transposase messenger sequence
downstream from the methylase could be in-
duced by erythromycin if it had its own tran-
scriptional or translational attenuator. More
generally, the presence of additional attenua-
tors, either transcriptional or translational,
could serve to activate entire sets of genes and
to coordinate their expression in time. Coordi-
nately regulated genes under translational atten-
uation control distributed throughout the
genome need not be part of the same transcrip-
tional unit. Such a model could serve for tempo-

ral control of a wide range of genes whose
expression is needed at a defined stage in the life
cycle of the organism, for example, antibiotic
production or sporulation in Streptomyces spp.
Ribosome stall in response to endogenous or
exogenous factors which inhibit protein synthe-
sis could serve as the common feature of such
temporal control signals, and variations in con-
trol peptide sequences could determine the rela-
tive level of gene expression.
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